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(57) ABSTRACT

A method for operating a projection exposure tool for
microlithography is provided. The projection exposure tool
includes an optical system which includes a number of optical
elements which, during an imaging process, convey electro-
magnetic radiation. All of the surfaces of the optical elements
interact with the electromagnetic radiation during the imag-
ing process to form an overall optical surface of the optical
system. The method includes: determining respective indi-
vidual thermal expansion coefficients at least two different
locations of the overall optical surface; calculating a change
to an optical property of the optical system brought about by
heat emission of the electromagnetic radiation (during the
imaging process upon the basis of the thermal expansion
coefficients; and imaging mask structures into an image plane
via the projection exposure tool with adaptation of the imag-
ing characteristics of the projection exposure tool so that the
calculated change to the optical property is at least partially
compensated.
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1
METHOD FOR OPERATING A PROJECTION
EXPOSURE TOOL AND CONTROL
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of, and claims priority
under 35 U.S.C. §120 to, International Patent Application
Serial Number PCT/EP2011/004535, filed Sep. 8, 2011.
International Patent Application Serial Number PCT/
EP2011/004535 claims priority under 35 U.S.C. §119(e) to
U.S. Patent Application Ser. No. 61/381,476, filed Sep. 10,
2010, and also claims benefit under 35 U.S.C. §119 of Ger-
man Patent Application No. 10 2010 044 969.5, filed on Sep.
10, 2010. The entire disclosure of each of these patent appli-
cations is incorporated by reference in the present applica-
tion.

FIELD

The disclosure relates to a method for operating a projec-
tion exposure tool for microlithography, a control apparatus
for controlling an exposure process of a projection exposure
tool for microlithography, and a method for measuring a
thermal expansion coefficient of an optical element.

BACKGROUND

In order to operate a projection exposure tool economically
it is desirable to image the structures onto the wafer with the
shortest possible exposure time so as to thus achieve the
highest possible throughput of exposed substrates in the form
of semiconductor wafers. Therefore, high radiation intensi-
ties are involved in order to achieve sufficient exposure of
each individual substrate. In particular, when using radiation
in the ultraviolet or extreme ultraviolet (EUV) wavelength
range the effect of intensive radiation can lead to radiation-
induced changes in the properties of the individual optical
elements of the projection objective of the projection expo-
sure tool. These changed properties bring about aberrations in
the projection objective. The extent of these aberrations
depends upon the radiation dosage.

With dielectric mirrors used in EUV lithography, due to
absorbed radiation, variations in temperature occur on the
mirror surface which lead to deformations of the mirror sur-
face.

These deformations lead to image errors in the lithographic
imaging, and can change continuously during the imaging
process.

SUMMARY

The disclosure provides a system and a method which keep
changes in the imaging behaviour during operation of a pro-
jection exposure tool for microlithography within narrow
limits.

In one aspect, the disclosure provides a method for oper-
ating a projection exposure tool for microlithography. Here
the projection exposure tool includes an optical system which
has a number of optical elements which, during an imaging
process, convey electromagnetic radiation. All of the surfaces
of the optical elements interact with the electromagnetic
radiation during the imaging process forming a (virtual) over-
all optical surface ofthe optical system. The method includes:
determining respective individual thermal expansion coeffi-
cients at least two different locations of the overall optical
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surface; calculating a change to an optical property of the
optical surface brought about by heat emission of the electro-
magnetic radiation during the imaging process upon the basis
of the thermal expansion coefficients; and imaging mask
structures into an image plane using the projection exposure
tool with adaptation of the imaging characteristics of the
projection exposure tool such that the calculated change to the
optical property is at least partially compensated.

Thus, according to the disclosure, respective thermal
expansion coefficients are first of all determined at least two
locations of the overall optical surface. The overall optical
surface is not a continuous area, but is made up of the optical
surfaces of the optical elements of the optical system. The
optical system can, for example, be the projection objective,
the illumination system of the projection exposure tool, or
also a combination of the illumination system and the projec-
tion objective. In other words, thermal expansion coefficients
are determined either at least two different locations of one of
the optical elements, or at least one location of at least two
optical elements.

Here the expansion coefficients can be determined directly
on the surface of the respective optical element constituting
the optical surface or also at points which lie beneath the
surface. Therefore, the thermal expansion coefficients at the
respective locations can already be determined on the blanks
of the optical elements. Alternatively, the determination can
also take place on the finished optical element, i.e. in the case
of mirrors the fully coated optical element, or in a production
state between the state as a blank and the finished optical
element.

Next, according to the disclosure a change to an optical
property of the optical system, brought about by heat emis-
sion of the electromagnetic radiation during exposure opera-
tion of the projection exposure tool, is determined. This type
of change to the optical property can include, e.g. a change to
the surface shape or a change to the refractive index of the
optical element, tensions with resulting birefringence in the
optical element and/or determining of layers of the optical
element. This type of change generally leads to changed
imaging characteristics of the projection exposure tool, and in
particular to image errors that can be described via Zernike
coefficients.

According to one embodiment, in order to calculate the
change to the optical property brought about by the heat
emission of the electromagnetic radiation, an irradiation dis-
tribution of the individual optical elements is first of all deter-
mined by the exposure radiation, from this local heating of the
optical elements is determined, and then, with the aid of the
thermal expansion coefficients determined, the change to the
optical property is determined. The thermal expansion coef-
ficients are at least two different locations of the overall
optical surface, in particular at many locations distributed like
a grid over the entire optical surface.

Upon the basis of the change to the optical property of the
optical system calculated according to the disclosure the
imaging characteristics of the projection exposure tool are
adapted such that the change to the imaging characteristics
brought about by the heat emission of the electromagnetic
radiation is corrected. According to one embodiment this
correction takes place, in a time-resolved fashion, during the
exposure process, i.e. the imaging characteristics are cor-
rected continuously over the time during which a wafer is
exposed. Therefore, a so-called forward correction is possible
by which, over a specific period of time, a control loop can be
dispensed with.

By determining the respective individual thermal expan-
sion coefficients that takes place according to the disclosure it
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is possible to keep the imaging characteristics stable with a
high degree of precision during operation of the projection
exposure tool. For example, local variations in the thermal
expansion coefficients in the material of the optical elements
can thus be taken into consideration accurately. In the case,
for example, in which the method according to the disclosure
is used in EUV projection exposure tools with an exposure
wavelength of <100 nm, in particular 13.5 nm or 6.8 nm,
mirror materials made of a material with low expansion coef-
ficients, such as e.g. Zerodur (manufacturer: Schott AG) or
ULE (manufacturer: Corning) are used. These materials con-
tain a mixture of crystalline and amorphous portions.

Often, these materials are not perfectly homogeneous, but
have local variations in their thermal expansion coefficients.
By determining, according to the disclosure, the thermal
expansion coefficients at least two different locations, such
local variations can be taken into account precisely by a
forward correction, by which the stability of the imaging
characteristics of the projection exposure tool can be consid-
erably improved.

In one embodiment according to the disclosure, as already
mentioned above, the thermal expansion coefficients relate to
at least two different optical elements. Furthermore, the ther-
mal expansion coefficients can relate to at least two different
locations of an optical element. In a further embodiment
according to the disclosure the individual thermal expansion
coefficients form a locally resolved expansion coefficient dis-
tribution with regard to at least one of the optical elements.

As also already mentioned above, in a further embodiment
according to the disclosure, when calculating the change to
the optical property of the optical system the radiation distri-
bution striking the individual optical elements during the
imaging process is determined, and a resulting temperature
distribution on the optical elements is calculated from this. In
particular, the temperature profile over the surfaces interact-
ing with the electromagnetic radiation is determined. This can
be implemented by calculation of representative rays, for
example using of Monte Carlo simulations. For this purpose
stored maps of the heat conductivity of the optical elements
are used together with stored thermal links and boundary
conditions. Using local multiplication of the temperature
with thermal expansion coefficients and an extended calcula-
tion of representative rays or using stored sensitivities result-
ing image errors can then be determined.

In a further embodiment according to the disclosure the
calculated change to the optical property of the projection
objective includes a local deformation of at least one of the
optical elements, and this leads to image errors in the imaging
characteristics of the projection objective.

In a further embodiment according to the disclosure the
thermal expansion coefficients are determined as a function
of the temperature at the respective location. In a further
embodiment according to the disclosure the thermal expan-
sion coefficients are determined by individually measuring
one or more of the optical elements. As already mentioned
above, the individual measurement can be taken on the blank
or on the finished optical element.

In a further embodiment according to the disclosure the
thermal expansion coefficients are determined by interfero-
metric measurement of one or more of the optical elements.
This is preferably implemented with a phase shifting inter-
ferometer, such as for example a Fizeau interferometer.

In a further embodiment according to the disclosure, when
determining the thermal expansion coefficients the optical
elements are in a production state which, during the produc-
tion process, is upstream of the finished state held by the
respective optical element during operation in the projection
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exposure tool. Here, as already mentioned above, the optical
elements can be provided as blanks or in a relatively further
advanced production state.

In another aspect, the disclosure provides a control appa-
ratus for controlling an exposure process of a projection expo-
sure tool for microlithography. The projection exposure tool
includes an optical system with a number of optical elements
which convey electromagnetic radiation during an imaging
process. All of the surfaces of the optical elements interact
with the electromagnetic radiation during the imaging pro-
cess forming an overall optical surface of the optical system.
The control apparatus includes: an inputting device for input-
ting respective individual thermal expansion coefficients at
least two different locations of the overall optical surface; and
an evaluating device which is configured to calculate a change
to an optical property of the optical system upon the basis of
the thermal expansion coefficients which is brought about by
heat emission of the electromagnetic radiation during the
imaging process. In embodiments according to the disclosure
the control apparatus is configured to implement the method
according to the disclosure in the individual embodiments
mentioned.

The inputting device can be in the form of an entering
device for manually entering the individual thermal expan-
sion coefficients or of a data transmission interface for auto-
matically reading in the values.

In one embodiment according to the disclosure the control
apparatus further includes a control signal output device
which is configured to output a control signal to a manipula-
tion device in order to at least partially compensate for the
calculated change to the optical property. Furthermore, the
control apparatus can also include the manipulation device.
The manipulation device is configured to change the imaging
characteristics of the projection exposure tool upon the basis
of the control signal. The manipulation device may include:
one or several shifting devices for shifting optical elements in
a first direction or perpendicular to the latter; one or several
rotating devices for rotating optical elements about the first
direction or about axes standing perpendicular to the latter (it
being possible in particular for the first direction to be orien-
tated orthogonally to the object plane); one or several devices
for deforming optical elements; one or several heating or
cooling devices for optical elements; one or several plates that
can be shifted in relation to one another (optionally aspheri-
cised); and one or several interchangeable elements.

Furthermore, a manipulation effect can be affected by a
variation in the irradiation strength of areas within or outside
of the optically used region at the used wavelength of the
lithographic imaging or a wavelength deviating from this.
Preferably, this takes place under conditions that prevent
additional radiation from passing into the image, e.g. by
choosing an appropriate angle of incidence.

In a further embodiment according to the disclosure the
evaluating device is configured to determine the radiation
distribution striking the individual optical elements during
the imaging process when calculating the change to the opti-
cal property of the projection objective and to calculate from
this a resulting temperature distribution at the optical ele-
ments.

The features specified with regard to the embodiment of the
method according to the disclosure mentioned above can be
applied correspondingly to the control apparatus according to
the disclosure. Conversely, the features specified with regard
to the embodiments mentioned above of the control apparatus
according to the disclosure can be applied correspondingly to
the method according to the disclosure.
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Furthermore, according to the disclosure a projection
objective and/or an illumination system of a projection expo-
sure tool for microlithography is provided which includes the
aforementioned control apparatus according to the disclo-
sure. Moreover, according to the disclosure a projection expo-
sure tool for micro lithography is provided which includes
this type of projection objective or this type of illumination
system.

Furthermore, according to the disclosure a method for
measuring a thermal expansion coefficient of an optical ele-
ment for microlithography is provided. The method includes:
setting different temperatures at least one location of the
optical element; measuring a surface topography of the opti-
cal element at the respective temperature setting; and deter-
mining the thermal expansion coefficient at least one location
of the optical element from the surface topographies mea-
sured.

The measuring method according to the disclosure makes
it possible to determine the individual thermal expansion
coefficients with a sufficiently high degree of accuracy in
order to be able to be used with the method according to the
disclosure for operating a projection exposure tool described
above. According to one embodiment of the method accord-
ing to the disclosure for operating a projection exposure tool
the individual thermal expansion coefficients at the at least
two different locations of the overall optical surface are deter-
mined according to the described measuring method accord-
ing to the disclosure.

In one embodiment of the measuring method according to
the disclosure measurement of the surface topography is
implemented optically. In particular, the measurement is
implemented interferometrically, e.g., using a Fizeau inter-
ferometer. Alternatively, the surface topography measure-
ment can also be implemented using a piezoelectric or induc-
tive measuring method.

In a further embodiment according to the disclosure the
optical element is located in a vacuum chamber when mea-
suring the topography. Airflows having a negative impact
upon the measurement are thus avoided.

In a further embodiment according to the disclosure the
thermal expansion coefficient is determined at a number of
locations of an optically useable surface of the optical ele-
ment.

In a further embodiment according to the disclosure, at the
respective temperature setting the whole surface has an at
least approximately uniform temperature. Within this context
a uniform temperature is understood as meaning that the
temperature varies by maximum 0.5 K, in particular by maxi-
mum 0.1 K, over the surface of the optical element.

In a further embodiment according to the disclosure, at the
respective temperature setting the temperature varies over the
surface, in particular by more than 1 K, preferably by more
than 2 K. For this purpose the surface can be heated locally.

In a further embodiment according to the disclosure, when
measuring the surface topography, the temperature distribu-
tion of the optical element is monitored, in a locally resolved
fashion, with temperature sensors. This preferably takes place
in a time-resolved fashion.

In a further embodiment according to the disclosure, in
order to set the different surface temperatures, radiation heat
is irradiated onto the optical element. This can be imple-
mented, for example, using infrared lasers or infrared emit-
ters. In comparison to heating of the surface using contact
heat transfer, the advantage ofheat transfer by radiation is that
the heat transfer is not dependent upon the roughness and
cleanliness of the specimen.
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In a further embodiment according to the disclosure, when
measuring the surface topography the optical element is dis-
posed in a vacuum chamber having a window for irradiating
measuring light. The window is provided with a mirror-coat-
ing which transmits at least 20%, in particular at least 40%, of
the intensity of visible light and reflects at least 90%, in
particular at least 95%, of the intensity of infrared radiation.
The window for the irradiation of measuring light can also be
called a vacuum window or an outlet window. The mirror-
coating layer prevents heat losses from the vacuum chamber,
in particular by radiation from the Fizeau plate. At30° C. the
maximum radiation of the Fizeau plate is approximately 10
um. Due to the high permeability of the mirror-coating layer
to visible light excessive weakening of the measuring light is
prevented. According to one advantageous embodiment the
mirror-covering layer is formed by a layer of gold. According
to one embodiment, the layer of gold has a layer thickness of
less than 60 nm. The layer thickness is preferably greater than
10nm, and according to one embodiment is approximately 20
nm.

In a further embodiment according to the disclosure, the
topography of the optical element is measured in a vacuum
chamber, and the different temperatures on the optical ele-
ment are set by heating the optical element in an oven outside
of the vacuum chamber. Preferably, the interferometer activ-
ity is also heated up here in the oven. Before measuring the
vacuum chamber is flooded with warm gas. After introducing
the heated interferometer activity into the vacuum chamber
the vacuum is then established.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantageous features of the disclo-
sure are illustrated in the following detailed description of
exemplary embodiments according to the disclosure with
reference to the attached diagrammatic drawings, in which:

FIG. 1 is a diagrammatic illustration of a projection expo-
sure tool for microlithography according to the disclosure
including a projection objective for imaging mask structures
into an image plane and a control apparatus for controlling an
exposure process;

FIG. 2 is an exemplary illumination distribution of an
optical element of the projection objective close to the pupil
according to FIG. 1 when imaging periodically arranged ver-
tical line groups with different periodicity;

FIG. 3 is a measuring apparatus for the locally resolved
measurement of thermal expansion coefficients on an optical
element;

FIG. 4 is a diagram that shows, as an example, the relative
expansion depending on the temperature at two different
points of a specimen; and

FIG. 5is anillustration of the effect of temperature changes
on the surface topography of a specimen having the tempera-
ture characteristics according to FIG. 4.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

In the exemplary embodiments described below elements
which are similar to one another functionally or structurally
are provided as far as possible with the same or similar ref-
erence numbers. Therefore, in order to understand the fea-
tures of the individual elements of a specific exemplary
embodiment, one should refer to the description of other
exemplary embodiments or to the general description of the
disclosure.
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In order to make it easier to describe the projection expo-
sure tool, in the drawings a Cartesian xyz coordinate system
is specified from which the respective relative position of the
components illustrated in the figures becomes clear. In FIG. 1
the x direction extends to the right, the y direction perpen-
dicular to the plane of the drawing into the latter, and the z
direction upwards.

FIG. 1 shows a greatly simplified block diagram of a pro-
jection exposure tool 10 for microlithography. The projection
exposure tool 10 serves to generate structures on semicon-
ductor wafers and includes a radiation source 14 for generat-
ing electromagnetic radiation 16. The electromagnetic radia-
tion 16 can be extreme ultraviolet radiation (EUV radiation)
with a wavelength smaller than 100 nm. The EUV wave-
lengths can be e.g. 13.5 nm or 6.8 nm. Alternatively, the
wavelength of the electromagnetic radiation can also be in the
UV range, e.g. 248 nm or 193 nm. In the exemplary embodi-
ment illustrated the radiation source 14 is disposed on an
optical axis 12 which is defined by the components of the
projection exposure tool 10 described in more detail below.

The electromagnetic radiation 16 generated by the radia-
tion source 14 passes through an illumination system 18 with
a number of optical elements 20, e.g. in the form of lenses
and/or mirrors, only two of which are shown symbolically in
FIG.1. Whenusing EUV radiation the illumination system 18
only includes mirrors as optical elements 20. The illumina-
tion system 18 serves to illuminate a mask 22 which is dis-
posed in the beam path of the electromagnetic radiation 16
downstream of the illumination system 18. The mask 22 is
also often called a reticle. The illumination system 18 is
configured to generate different angular distributions of the
electromagnetic radiation 16« striking the mask 22. Thus, for
example, using the illumination system 18 so-called dipole
illumination or so-called annular illumination can be set.

The mask 22 contains mask structures which can be
imaged onto a substrate 32 in the form of a wafer using a
projection objective 24 of the projection exposure tool 10. For
this purpose the mask 22 is disposed in an object plane 23 of
the projection objective 24. As shown in FIG. 1, the mask 22
can be in the form of a transmission mask or also alternatively,
in particular for EUV lithography, be configured as a reflec-
tion mask. Like the illumination system 18, the projection
objective 24 also includes a plurality of optical elements 26
which can be designed dependently upon the design of the
projection objective 24 and the radiation wavelength in the
form of lenses and/or mirrors. Only two of these optical
elements 26 are shown symbolically in FIG. 1.

The projection objective 24 includes one or more pupil
planes 28. A pupil plane 28 is characterised in that the local
intensity distribution of the electromagnetic radiation 16 in
the pupil plane 28, which converges on a specific field point in
an image plane 34 of the projection objective 24, corresponds
to the angularly resolved intensity distribution at this field
point. An aperture diaphragm for defining the exit pupil of the
projection objective 24 can be disposed in the pupil plane 28.

The projection exposure tool 10 serves to image mask
structures onto the aforementioned substrate 32. For this pur-
pose the substrate 32 is disposed on a shiftable substrate table
30 in the image plane 34 of the projection objective 24. The
substrate 32 includes a radiation-sensitive layer. During
exposure, structures of the mask 22 are transferred into the
radiation-sensitive layer by an imaging method. Here, in the
case in which the projection exposure tool 10 is configured as
a so-called step and scan system, the substrate table 30 is
shifted in the y direction according to the coordinate system
of FIG. 1. After the exposure of the substrate 32 the radiation-
sensitive layer is chemically developed, whereupon the sub-
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strate 32 is further processed by making use of the structures
generated by the exposure in the radiation-sensitive layer.
After this a further exposure and further processing supported
by this can follow. This process is repeated until the substrate
32 has desired structuring.

In order to achieve short exposure times the electromag-
netic radiation 16 is irradiated with a comparably high inten-
sity onto the projection objective 24. This leads to the optical
elements 26 of the projection objective 24 being subjected to
a very intensive pounding of radiation. This is reinforced by
the radiation for at least some of the optical elements 26 not
being distributed evenly over the entire usable surface of the
latter, but rather being concentrated in comparably small par-
tial regions. Therefore, very high intensities can occur locally
on the optical surfaces, and this can lead to a change in the
material properties of the optical elements 26. This in turn can
result in a change to the optical properties in the exposed
regions of the optical elements 26. This leads to a change in
the optical properties of the entire projection objective 24.

If the projection exposure tool 10 is operated with EUV
radiation, as already mentioned above all of the optical ele-
ments 26 of the projection objective 24 are designed as mir-
rors. Part of the radiation striking the respective mirror during
an imaging process is absorbed by the mirror material. This
leads to deformations of the mirror surface, and this in turn
brings about image errors in the imaging characteristics of the
projection objective 24.

The projection exposure tool 10 includes a control appara-
tus 40 which is configured to compensate for, i.e. correct,
changes to the optical properties of the projection objective
24 occurring during an exposure process due to heating of the
optical elements 26 using manipulation devices 50. For this
purpose the control apparatus 40 includes an evaluating
device 44 in which initially the intensity distribution of the
radiation striking the mirror surfaces of the individual optical
elements 26 is calculated.

The intensity distribution striking the mirror surfaces ofthe
individual optical elements 26 is dependent upon the layout of
the mask 22 and the angular distribution of the illumination
radiation 16a. FIG. 2 shows as an example the illuminated
regions 56 of a mirror surface 27 of an optical element 26
disposed close to the pupil for the case where the object
structures 54a and 545, also shown in FIG. 2, are imaged in
the form of vertical lines with different periodicity using
illumination distribution in dipole form.

Depending on the respective mask layout and the angular
distribution of the illumination the evaluating device 44 cal-
culates for each of the optical elements 26 the incoming
intensity distribution. This can be implemented, for example,
by Fourier transformation of the mask layout and subsequent
folding with the angular distribution of the illumination radia-
tion 16a. In order to simplify the calculation there can also be
a restriction to the calculation of representative rays with
intensity weighting.

For each of the optical elements 26 maps of the heat con-
ductivity and thermal links and boundary conditions for a
temperature distribution of the elements are stored in the
evaluating device 44. Upon the basis of the intensity distri-
bution calculated for the incoming radiation and the afore-
mentioned information on the individual optical elements 26
atemperature distribution in the respective optical element 26
is simulated, time-resolved, by the evaluating device 44.

Furthermore, thermal expansion coefficients of the optical
elements already determined in advance are inputted via an
inputting device 42. Here, the thermal expansion coefficients
are locally resolved over the respective mirror surfaces 27 of
the optical elements 26. According to a further embodiment
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the thermal expansion coefficients 52 are locally resolved
three-dimensionally, i.e. for each individual volume element
of the optical elements 26. An embodiment according to the
disclosure for determining in advance the thermal expansion
coefficients is described in more detail below.

Furthermore, the inputted thermal expansion coefficients
are multiplied locally with the previously determined tem-
perature distribution on all mirror surfaces 27 of the optical
elements 26, and from this a local deformation of the mirror
surfaces 27 is calculated with a high degree of accuracy.
Image errors resulting from the local deformations are deter-
mined by recalculating representative rays or using stored
sensitivities. The image errors determined are passed on to the
control signal output device 46 which generates from this a
control signal 48 which is passed on to manipulation devices
50. The control signal 48 communicates appropriate instruc-
tions to the manipulation devices 50 in order to compensate
for the calculated image errors.

In FIG. 1, for illustrative purposes, two manipulation
devices 50 assigned to the respective optical elements 26 are
shown. These serve, for example, to shift the assigned optical
element 26 in the direction of the light or perpendicular to the
latter or in order to turn about an appropriate axis of rotation.
The correction effect upon the image errors can be achieved
by a series of further manipulators known to the person
skilled in the art. Such manipulators include deformable opti-
cal elements, locally heatable and/or coolable optical ele-
ments, plates that can be shifted in relation to one another,
optionally asphericised, or interchangeable elements. Fur-
thermore, a manipulator effect can be achieved by varying the
radiation strength of regions in or outside of the optically used
region of the optical elements 26 with the exposure wave-
length of the lithographic imaging or a wavelength deviating
from this, in order to achieve specific heating effects.

In an exemplary embodiment not shown specifically in the
figures the control apparatus 40 is configured to compensate
for changes in the illumination system 18 occurring due to the
heat input via the electromagnetic radiation 16. This can take
place in addition or alternatively to the compensation of the
optical properties of the projection objective 24 described
above. The procedure when compensating for optical prop-
erties of the illumination system 18 is performed similarly to
the compensation of the projection objective 24 described
above.

In the following, with reference to FIGS. 3 to 5 an appara-
tus 60 for measuring the aforementioned thermal expansion
coefficients 52 is described. The thermal expansion coeffi-
cients are measured via the apparatus 60, locally resolved, on
the surface 127 of a specimen 126 in the form of one of the
optical elements 26. The optical element 26 in the finished
state, i.e. in the state in which the latter is used in the projec-
tion exposure tool 10, or in a still unfinished state, can be used
as the specimen 126. Therefore, for example, the blank of the
optical element 26 can be used as the specimen 126.

In order to avoid airflows the apparatus 60 includes a
vacuum chamber 62 in which a vacuum of less than 1 mbar
prevails. The vacuum chamber is in the form of a cylinder and
on the upper side has an outlet window 64 made of silicon
glass. The outlet window 64 is coated with a layer of gold that
is approximately 20 nm thick. Therefore, the outlet window
64 is mirror-covered for the wavelength range of 2 to 20 um.
With the wavelength of the measuring light 78 the layer of
gold still transmits approximately 40% of the light intensity,
whereas infrared light in the aforementioned wavelength
ranges reflects 95%. At 30° C. the radiation maximum of the
Fizeau plate 74 is approx. 10 um. Therefore, the mirror cov-
ering of the outlet window 64 prevents radiation losses with a
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high degree of effectiveness. It can thus be ensured that heat
distribution, which is to a large extent constant in the vacuum
chamber 62 and so over the specimen 126, is established. A
carrier structure made of aluminium in the form of a cylin-
drical bowl s disposed in the vacuum chamber 62. The carrier
structure 66 serves as a buffer for temperature fluctuations
and is supported in relation to the vacuum chamber 62 via
thermal insulating elements 68. There is disposed in the inte-
rior of the carrier structure 66 a spacer 70 made of material
with low heat expansion. The spacer 70 is annular and has on
its side facing towards the outlet window 64 three point bear-
ings 72 for holding a Fizeau plate 74. Below, the spacer 70
also has three point bearings 72 which serve to hold the
specimen 126. In the held state the Fizeau plate 74 and the
specimen 126 are disposed substantially parallel to one
another.

There is disposed outside of the vacuum chamber a mea-
suring light source 76 which generates measuring light 78,
e.g. in the visible wavelength range, such as for example light
of a helium neon laser with a wavelength of 633 nm. The
measuring light 78 is irradiated via a collimator lens onto a
beam splitter 80 by which it is deflected towards the outlet
window 64 of the vacuum chamber 62. First of all the mea-
suring light passes through a collimator lens 82 and then
passes into the vacuum chamber 62. Here it strikes the Fizeau
plate 74, by which part of the measuring light 78 is reflected
back as reference light. The non-reflected part of the measur-
ing light 78 is reflected on the surface 127 of the specimen 126
and then interferes with the reference light on a detection
surface of a locally resolving detector 84 in the form of a CCD
camera.

The measuring apparatus 60 makes it possible to measure
the deviations of the surface 127 of the specimen from a
planar surface by evaluating the interferograms recorded by
the detector 84 with a high degree of accuracy. In addition to
the Fizeau interferometer described the measuring apparatus
60 can needless to say also include other interferometer
arrangements suitable for measuring surface deviations or
other types of optical arrangements, such as, for example,
wavefront measuring devices based upon a Shack Hartmann
sensor.

Using the interferometric measurement with the apparatus
60 the thermal expansion coefficients of the specimen 126 are
determined, locally resolved, over the entire surface 127
dependently upon temperature. This takes place over a tem-
perature range that includes all temperatures established on
the surface 127 during operation of the projection exposure
tool. For this purpose, in a first embodiment the entire speci-
men 126 is heated overall in specific temperature steps, e.g. in
steps of 2° C. With each temperature step the surface topog-
raphy of the specimen 126 is measured.

Depending on the size of the specimen 126 different meth-
ods can be used to heat the specimen 126. One possibility for
heating consists of direct heating of the carrier structure 66
made of aluminium via heat exchangers or electrically in the
vacuum chamber 62. However, the specimen 126 and the
Fizeau plate 74 are heated very non-homogeneously here by
radiation and by heat conduction via the point bearings 72.
Therefore, with this method it takes a long time until thermal
equilibrium has been established at which the interferometric
measurement can be taken.

Alternatively, the whole cavity including the specimen 126
and the Fizeau plate 74, together with the carrier structure 66,
can be heated externally in an oven and then be re-introduced
into the vacuum chamber 62. According to a further alterna-
tive the vacuum chamber 62 is flooded with warm gas. Only
after thermalisation of the cavity is the vacuum established.
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However, one waits here until the vacuum chamber, which
also becomes hot, has cooled again to ambient temperature
before one can start with the interferometric measurement.
The decision in favour of one of the methods for setting the
temperature on the specimen 126 is made depending on the
time that the overall system uses to establish thermal equilib-
rium.

A temperature increase or a temperature reduction on the
specimen 126 leads to expansion or contraction of the speci-
men 126 in the z direction according to the coordinate system
of FIG. 3, i.e. inthe direction perpendicular to the surface 127.
The extent of this increase or reduction in the expansion of the
specimen 127 is dependent upon the initial temperature and
the specific material properties at the location of the expan-
sion change. One important parameter for this material prop-
erty is the characteristic temperature Tzc (Zero Crossing
Temperature) at which the thermal expansion coefficient of
the material is zero. Materials with low expansion coeffi-
cients, e.g. Zerodur or ULE, which have a mixture of crystal-
line and amorphous portions, are often used as mirror mate-
rials for EUV mirrors. Often these materials are not perfectly
homogeneous, but have local variations in Tzc.

FIGS. 4 and 5 illustrate the effects of locally varying Tzc
parameters with different temperatures of the specimen 126.
For position 1 of the specimen surface 127 with Tzc (1)=20°
C. and a specimen temperature of 25° C. the thermal expan-
sion coefficient is 8-10~° 1/K, for position 2 with Tzc (2)=19°
C., it is however 9.6:10~° 1/K.

The resulting form deformation dependently upon the tem-
perature T of a 50 mm thick ULE specimen with Tzc varia-
tions of 1° C. in a first approximation is accordingly only

L= a1 -T2 - (1 - T2, )

d being the thickness of the specimen and g a material con-
stant. g=1.6-10~° K=2 for ULE. FIG. 4 illustrates the resulting
relative length expansion AL/L of the material at both posi-
tions dependently upon temperature. The respective expan-
sion profiles are parabolas with apexes at the respective Tzc.
In the present case the material at both positions only differs
in the parameter Tzc, and this is why the parabolas are only
shifted in relation to one another.

If the temperature of the surface 127 is 20° C. in the region
of the two Tzcs, as shown under (a) of FIG. 5, the surface is
level. If, as shown in (b) of FIG. 5, the temperature is now
increased to 25° C., a greater expansion in the z direction
takes place at position 2 than in position 1, as indicated in (b)
of FIG. 5by AL2 and AL1, and as can be read from the curves
in FIG. 4. This results in a topography deviating from a level
surface for the surface 127. For the aforementioned material
example, the following applies for the form deformation:
AL2-AL1=0.44 nm.

As can be gathered from formula (1), the same form defor-
mation is produced when the specimen is tempered unevenly
by 1° C. This results in a corresponding desire for the tem-
pering of better than 0.2° C. corresponding to a form defor-
mation of 0.08 nm. According to the formula for the form
deformation AL increases when the specimen temperature is
further away from Tzc. However, the desire for uniform tem-
pering then also increases.

If the temperature of the specimen is now lowered to a
value below the two Tzcs to a temperature value of, for
example, 15° C., the material expands less at position 2 than
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at position 1, and this produces the topography shown under
(c) of FIG. 5 which is inverted with respect to the topography
according to (b).

As already mentioned above, in a first embodiment the
temperature of the specimen 126 is heated homogeneously in
temperature steps of 2° C., starting from 10° C. and ending at
30° C. Here the temperature span is chosen so that all of the
Tzes occurring in the material of the specimen 126 are
included. With every temperature step the topography of the
surface 127 is measured. The thermal expansion coefficients
at every point of the surface 127 are then determined depen-
dently upon the temperature and passed to the inputting
device 42 ofthe projection exposure tool 10 according to FIG.
1 as input data 52.

The setting of the thermal equilibrium is controlled by
thermo sensors and by the stability of the interferometric
form signal. The accuracy of the measurement is checked by
the subsequent cooling back to 20° C. and re-measurement 2°
C. away.

For the separation of the form deformation of the specimen
126 and the form deformation of the Fizeau plate 74 or of the
spacer 70, within the framework of a calibration process the
described procedure is carried out twelve times with different
rotational positions of the specimen 126, and the different
deformation contributions are separated by calculation. As a
final result one also obtains in addition to the relative form
deformation of the specimen 126 dependently upon tempera-
ture the deformation of the Fizeau plate 74 or the spacer 70
over the chosen temperature range. The Fizeau plate/spacer
calibration is generally carried out once and can then also be
used for the measurement of further specimens 126.

According to a further embodiment of the measuring
method according to the disclosure the specimen 126 is also
heated locally in addition to the overall heating. This takes
place by defined heating with a heat source 86 which is drawn
in FIG. 3 on the surface 127 of the specimen 126 as an
optional element. The heat source 86 can include a heating
wire and/or a radiation source for emitting infrared radiation.
The advantage of the heat input via radiation heat is that the
heat transtferred is independent of the roughness and cleanli-
ness of the specimen 126.

The heat transfer rate by radiation onto the specimen mate-
rial is determined in a separate experiment. The wavelength
of the radiation is chosen such that the output is absorbed on
the surface. Radiation wavelengths of approximately 2800
nm are advantageous. The radiation in this wavelength range
is totally absorbed, for example, by ULE, whereas silicon
glass transmits radiation of this wavelength. Therefore, the
radiation source can be applied in the form of an infrared
emitter, even outside of the vacuum chamber 62, so that the
radiation radiates through the outlet window and the Fizeau
plate 74 onto the specimen 126.

Additional local heating has the advantage that the struc-
tural condition of the heat input into the optical element is
imaged more accurately during operation in the projection
objective 24. In this embodiment the local form deformation
is then determined dependently upon the specimen tempera-
ture at the corresponding location of the surface 127. Due to
the existence of a temperature Tzc in materials with low
thermal expansion it is not necessary to detect the local form
deformation accurately. In a first approximation the form
deformation is at a minimum when the following condition is
fulfilled:

form deformation=0 for AT}, i/ 2+ T yyeran=I2C.

@

Since one is not given any sharp differentiation between
overall temperature and local heating, but rather a continuous
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profile, Tzc is obtained with known heat transfer on the speci-
men via a “finite element calculation”.

The advantage of this embodiment with additional local
heating is on the one hand closeness to the actual application,
but also the fact that a minimum of local deformations is
easier to detect interferometrically than longwave profiles of
the thermal expansion coefficient of a homogeneously heated
substrate. Since the local heating mainly takes place on the
surface, with this method surface influences, variations in the
heat expansion coefficient dependently upon the depth below
the surface and coating effects can be examined and simu-
lated.

In one exemplary embodiment a heat output of 100 mW is
introduced locally into the center of the surface 127 of a
specimen 126 made of ULE material. Here a local tempera-
ture increase of on average 4 Kelvin is achieved. With the
overall heating the overall specimen temperature is increased
in 5 Kelvin steps and additionally heated locally at a number
of points of the specimen. Here, according to a simulation
calculation, a form deformation of 0.03 nm is produced for a
thermal expansion coefficient of 10~° 1/K. For a position on
the specimen surface 127 with Tzc=20° C. and a specimen
temperature of 25° C. the value of the thermal expansion
coefficient is 8:107° 1/K, from which a form deformation of
approximately 0.24 nm results. For a position on the surface
127 with Tzc=19° C. one obtains an expansion coefficient of
9.6:107° 1/K and a form deformation of 0.29 nm. This means
that a temperature deviation of 0.1 K already produces the
same effect as a Tzc difference of 1K.

Using the precisely known characteristic of the deforma-
tion the variations in the thermal expansion coefficient can be
separated easily from the noise of the interferometry signal
and from variations due to overall temperature non-homoge-
neities.

LIST OF REFERENCE NUMBERS

10 projection exposure tool

12 optical axis

14 radiation source

16, 164, 165, 16¢ electromagnetic radiation
18 illumination system

20 optical element of the illumination system
22 mask

23 object plane

24 projection objective

26 optical element of the projection objective
27 mirror surface

28 pupil plane

30 substrate table

32 substrate

34 image plane

40 control apparatus

42 inputting device

44 evaluating device

46 control signal output device

48 control signal

50 manipulation device

52 thermal expansion coefficients

54a, 54b object structure to be imaged

56 illuminated region

60 apparatus for measuring a thermal expansion coefficient
62 vacuum chamber

64 outlet window

66 carrier structure

68 thermal insulating elements

70 spacer
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72 point bearing
74 Fizeau plate
76 measuring light source
78 measuring light
80 beam splitter
82 collimator lens
84 locally resolving detector
86 heat source
126 specimen
127 surface
What is claimed is:
1. A method for operating a projection exposure tool for
microlithography comprising an optical system which
includes a number of optical elements which, during an imag-
ing process, convey electromagnetic radiation, all of the sur-
faces of'the optical elements interacting with the electromag-
netic radiation during the imaging process to form an overall
optical surface of the optical system, the method comprising:
based on thermal expansion coefficients, calculating a
change to an optical property of the optical system due to
heat emission of the electromagnetic radiation during
the imaging process, the thermal expansion coefficients
respectively describing a change in size of thermal
expansion with a change in temperature at at least two
different locations of the overall optical surface of the
optical system, the at least two different locations of the
overall optical surface of the optical system comprising
two different locations of the same optical element; and

taking into account the calculated change to the optical
property, using the projection exposure tool to image
mask structures into an image plane so that the calcu-
lated change to the optical property is at least partially
compensated.

2. The method of claim 1, wherein the thermal expansion
coefficients relate to at least two different optical elements.

3. The method of claim 1, wherein:

when calculating the change to the optical property of the

optical system, the radiation distribution striking the
individual optical elements during the imaging process
is determined; and

aresulting temperature distribution on the optical elements

is calculated from this determination.

4. The method of claim 1, wherein the calculated change to
the optical property of the optical system includes a local
deformation of at least one of the optical elements.

5. The method according to of claim 1, wherein the thermal
expansion coefficients are determined as a function of a tem-
perature at a respective location.

6. The method according to of claim 1, wherein the thermal
expansion coefficients are determined by individually mea-
suring one or more of the optical elements.

7. The method according to of claim 1, wherein the thermal
expansion coefficients are determined by interferometric
measurement of one or more of the optical elements.

8. The method according to of claim 1, further comprising
determining the thermal expansion coefficients when the
optical elements are in a production state which, during a
process of production, is prior to a final state of each respec-
tive optical element during operation of the projection expo-
sure tool.

9. The method according to of claim 1, further comprising
determining the thermal expansion coefficients via a process
which comprises:

setting different temperatures at least one location of an

optical element;

measuring a surface topography of the optical element at

each of the temperature settings; and
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determining the thermal expansion coefficient at the at
least one location of the optical element from the mea-
sured surface topographies.

10. The method of claim 9, comprising optically measuring
the surface topographies.

11. The method of claim 9, comprising determining the
thermal expansion coefficient at a number of locations of an
optically useable surface of the optical element.

12. The method of claim 9, wherein the optical element has
an optically useable surface, and at a temperature setting the
whole surface has a uniform temperature.

13. The method of claim 9, wherein the optical element has
an optically useable surface, and at a temperature setting the
temperature varies over the surface.

14. The method of claim 9, comprising, when measuring
the surface topography, using temperature sensors to monitor
the temperature distribution of the optical element.

15. The method of claim 9, comprising striking the optical
element with radiation heat to set the different surface tem-
peratures.

16. The method of claim 9, wherein, when measuring the
surface topography, the optical element is disposed in a
vacuum chamber having a window, the window having a
reflective coating which transmits at least 20% of'the intensity
of visible light and reflects at least 90% of the intensity of
infrared radiation.

17. The method of claim 1, further comprising:

measuring a surface topography of each of the at least two

different locations at multiple different temperatures;
and

using the measured surface topographies to determine, as a

function of temperature, respective individual thermal
expansion coefficients at each of at least two different
locations of the overall optical surface.

18. The method of claim 17, comprising using interferom-
etry to measure the surface topographies.

19. A control apparatus configured to control an exposure
process of a projection exposure tool for microlithography,
the projection exposure tool including an optical system with
a number of optical elements which convey electromagnetic
radiation during an imaging process, all of the surfaces of the
optical elements interacting with the electromagnetic radia-
tion during the imaging process to form an overall optical
surface of the optical system, the control apparatus compris-
ing:

an evaluation device configured to calculate a change to an

optical property of the optical system on the basis of
thermal expansion coefficients, the change being due to
heat emission of the electromagnetic radiation during
the imaging process, the thermal expansion coefficients
respectively describing a change in size of thermal
expansion with a change in temperature at at least two
different locations of the overall optical surface of the
optical system, the at least two different locations of the
overall optical surface of the optical system comprising
two different locations of the same optical element.

20. The control apparatus of claim 19, further comprising a
control signal output device configured to output a control
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signal to a manipulation device to at least partially compen-
sate the calculated change to the optical property.

21. The control apparatus of claim 20, further comprising
the manipulation device, wherein the manipulation device is
configured to change the imaging characteristics of the pro-
jection exposure tool on the basis of the control signal.

22. The control apparatus of claim 19, wherein the evalu-
ation device is configured to:

a) determine the radiation distribution striking the indi-
vidual optical elements during the imaging process
when calculating the change to the optical property of
the optical system; and

b) based on a), calculate from this a resulting temperature
distribution at the optical elements.

23. A projection objective, comprising:

a control apparatus according to claim 19,

wherein the projection objective is a projection objective
for microlithography.

24. An illumination system, comprising

a control apparatus according to claim 19,

wherein the illumination system is an illumination system
for microlithography.

25. A projection exposure tool, comprising:

an illumination system; and

a projection objective,

wherein the projection exposure tool includes a control
apparatus according to claim 19, and the projection
exposure tool is for microlithography.

26. The projection exposure tool of claim 25, wherein the

projection objective comprises the control apparatus.

27. The projection exposure tool of claim 25, wherein the
illumination system comprises the control apparatus.

28. A method for operating a projection exposure tool for
microlithography comprising an optical system which
includes a number of optical elements which, during an imag-
ing process, convey electromagnetic radiation, all of the sur-
faces of'the optical elements interacting with the electromag-
netic radiation during the imaging process to form an overall
optical surface of the optical system, the method comprising:

setting different temperatures at first and second locations
of an optical element;

measuring a surface topography of the optical element at
the first and second locations at each of the temperature
settings;

using the measured surface topographies to determine the
thermal expansion coefficient at the first and second
locations of the optical element;

based on the determined thermal expansion coefficients,
calculating a change to an optical property of the optical
system due to heat emission of the electromagnetic
radiation during the imaging process; and

taking into account the calculated change to the optical
property, using the projection exposure tool to image
mask structures into an image plane so that the calcu-
lated change to the optical property is at least partially
compensated.

29. The method of claim 28, comprising using interferom-

etry to measure the surface topographies.
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